The conformational equilibrium between 3 10 -and ␣-helical structure has been studied via high-resolution NMR spectroscopy by Millhauser and coworkers using the MW peptide Ac-AMAAKAWAAKA AAARA-NH2. Their 750-MHz nuclear Overhauser effect spectroscopy (NOESY) spectra were interpreted to reflect appreciable populations of 3 10 -helix throughout the peptide, with the greatest contribution at the N and C termini. The presence of simultaneous ␣N(i,i + 2) and ␣N(i,i + 4) NOE cross-peaks was proposed to represent conformational averaging between 3 10 -and ␣-helical structures. In this study, we describe 25-nsec molecular dynamics simulations of the MW peptide at 298 K, using both an 8 Å and a 10 Å force-shifted nonbonded cutoff. The ensemble averages of both simulations are in reasonable agreement with the experimental helical content from circular dichroism (CD), the 3 J HN␣ coupling constants, and the 57 observed NOEs. Analysis of the structures from both simulations revealed very little formation of contiguous i → i + 3 hydrogen bonds (3 10 -helix); however, there was a large population of bifurcated i → i + 3 and i → i + 4 ␣-helical hydrogen bonds. In addition, both simulations contained considerable populations of -helix (i → i + 5 hydrogen bonds). Individual turns formed over residues 1-9, which we predict contribute to the intensities of the experimentally observed ␣N(i,i + 2) NOEs. Here we show how sampling of both folded and unfolded structures can provide a structural framework for deconvolution of the conformational contributions to experimental ensemble averages.
The 3 10 -helix is the fourth most common type of secondary structure in proteins after ␣-helices, ␤-sheets, and reverse turns (Barlow and Thornton 1988) . Approximately 15%-20% of all helices in protein structures are 3 10 -helices, which are commonly found as N-or C-terminal extensions to an ␣-helix (Barlow and Thornton 1988) . 3 10 -Helices in proteins are typically only three to five residues long compared with a mean of 10-12 residues for ␣-helices (Richardson and Richardson 1988) . Their formation can be introduced by c ␣ -q-disubstituted amino acids, such as ␣-aminoisobutyric acid (AIB; Karle and Balaram 1990) . Such peptides crystallize into pure 3 10 -, pure ␣-, or mixed 3 10 /␣-helices depending on their length and relative AIB content, and these authors concluded that a six-residue helical peptide with only L amino acids is equally likely to form 3 10 -and ␣-helix (Karle and Balaram 1990) .
3 10 -Helices have been proposed to be intermediates in the folding/unfolding of ␣-helices (Millhauser 1995) . The rationale for this suggestion is that there is a lower entropic penalty for the necessary loop closure for the formation of i → i + 3 versus i → i + 4 hydrogen bonds. Helix-coil theory has been modified to include the 3 10 -helix, indicating that 3 10 -helix should be populated in the helix-coil transition (Sheinerman and Brooks 1995; Rohl and Doig 1996) . These modified helix-coil theories also predict that 3 10 -helical segments will be short. There is also experimental evidence from solution electron spin resonance (ESR) spectroscopy that the population of 3 10 -helix in an ␣-helical peptide dem-onstrates length dependence, with longer peptides favoring the ␣-helical conformation (Fiori et al. 1993) , which is also predicted by the modified helix-coil theories (Sheinerman and Brooks 1995; Rohl and Doig 1996) . For L amino acids, there is not a disallowed region between the ␣-helical ( ‫ס‬ −57°, ‫ס‬ −47°) and 3 10 -helical ( ‫ס‬ −49°, ‫ס‬ −27°) conformations, allowing for free interconversion between the two. However, in AIB peptides, the steric interactions from the two methyl groups on the ␣-carbon result in the 3 10 -helix geometry being favored energetically over the ␣-helix (Zhang and Hermans 1994) . Previous short simulations have addressed the ␣/3 10 -helix equilibrium in both AIB-rich peptides (Zhang and Hermans 1994) and alanine-based peptides (Tirado-Rives et al. 1993 ). The results of these studies indicate that the 3 10 -helical conformation is not favored in L amino acids, although 3 10 -helical intermediates have been observed in transitions between ␣-helical and nonhelical states (Daggett and Levitt 1992) . Millhauser and coworkers (1997) have investigated the ␣/3 10 -helix equilibrium in an alanine-based peptide with NMR spectroscopy. The MW peptide was designed to reduce signal overlap for high-field NMR (Ac-AMAAKA WAAKAAAARA-NH2). This peptide is a variant of the 3K peptide (Marquesee et al. 1989) , which has been the subject of many ESR and fourier transform infrared (FTIR) studies (Todd and Millhauser 1991; Fiori et al. 1993 Fiori et al. , 1994 Miick et al. 1993 , Smythe et al. 1995 . The NOESY spectra of the MW peptide were acquired at 750 MHz (pH 5.0, 274 K) and revealed 57 NOEs and 3 J HN␣ coupling constants for 13 of the 16 residues (Millhauser et al. 1997) . From the circular dichroism (CD) spectra, the peptide is expected to be ∼48% helical at 274 K and 25% helical at 298 K (Millhauser et al. 1997) . The MW peptide displays both of the standard benchmark NOEs used to distinguish 3 10 -helix [␣N(i, i + 2)] and ␣-helix [␣N(i, i + 4) ]. Many helical peptides reflect both connectivities simultaneously (Osterhout et al. 1989; Bradley et al. 1990; Merutka et al. 1993) and structural interpretation of these NOEs can be ambiguous. Isolated turns are an expected component of random coil structure and may also contribute to the intensity of ␣N(i, i + 2) NOEs (Chandrasekhar et al. 1991) .
Molecular dynamics (MD) trajectories that sample both helical and nonhelical conformations can be useful in interpreting the structural basis for ensemble averaged observables like the ␣N(i, i + 2) NOESY cross-peaks. Conformational ensembles of small peptides can be calculated with distance-restrained MD simulations and/or simulated annealing with distance and torsional restraints taken from NMR spectra (Gratias et al. 1998) . Often the lack of experimental distance restraints limits the usefulness of these calculated structures for interpreting structurally ambiguous cross-peaks. Another approach is to perform unrestrained MD simulations that can sample a variety of conformational states and compare them with experiment. Here we take the latter approach and describe 25-nsec, room temperature molecular dynamics simulations of the MW peptide starting as an ␣-helix, using two different nonbonded cutoffs (8 Å and 10 Å). In addition, we describe the mechanisms of transitions between helical and nonhelical conformers and the importance of 3 10 -and -helix in this process.
Results

␣-Helical content and comparison with circular dichroism data
The helical content during the simulation of the MW peptide was calculated based on two different properties: (1) repeating () helical structure and (2) the percentage of intact i → i + 4 hydrogen bonds (O . . . HN distance Յ2.6 Å; Fig. 1 ). In the dihedral definition, three or more consecutive residues had to be in the helical region of conformational space (−100°Յ Յ −30°and −80°Յ Յ −5°; Daggett et al. 1991; Daggett and Levitt 1992) . This definition is very broad; the ideal values of ␣-helix ( ‫ס‬ −57°, ‫ס‬ −47°), 3 10 -helix ( ‫ס‬ −49°, ‫ס‬ −27°), and -helix ( ‫ס‬ −57°, ‫ס‬ −70°) all fall into this region. For comparison, the ␤-region is defined as (−170°Յ Յ −50°and 80°Յ Յ 170°). The peptide unfolded and refolded over the course of the 8 Å cutoff trajectory and sampled nonhelical conformations. In contrast, the peptide remained very helical with the 10 Å cutoff using the dihedral metric. Both definitions of helical structure give similar curve shapes, but the absolute values and fluctuations differed over time (Fig. 1) . Using the 10 Å cutoff, the peptide had a higher helix content using the () definition, but the ␣-helix content using the hydrogen bond definition was similar to that of the 8 Å trajectory.
Our calculated helix contents cannot be compared quantitatively with experiment because of the uncertainties in structural properties that contribute to the helical CD signal and the complications from absorbance of Trp (Chakrabartty et al. 1993) . Nevertheless, we can estimate the helix contents from the CD spectra of the peptide, using the method of /n] deg cm 2 / dmole and 0 deg cm 2 /dmole is used to represent 100% and 0% helix, respectively, where n is the number of residues in the peptide; 1993). Using this approach, we estimate the peptide to be ∼48% helical at 274 K (the NMR spectra were acquired at 274 K) and 24% at the simulation temperature of 298 K. For the 8 Å cutoff, the helical content was 41% ± 23% for the () definition, 38% ± 21% by the hydrogen bond distance definition, and 27% ± 18% if the hydrogen bonds were also required to be within 45°of linearity. Such alignment has been suggested to be important to CD signals (Gans et al. 1991) . For the 10 Å cutoff, the helical content was 85% ± 14% for the () definition, 53% ± 17% by the hydrogen bond distance definition, and 36% ± 19% with the angular constraint added. The helix content, as measured by i → i + 4 hydrogen bonds, is close to the experimental value (24% at 298 K) for both the 8 Å (27%) and 10 Å (36%) cutoff simulations.
Comparison with high-resolution NMR data
Experimental 3 J HN␣ scalar coupling constants (Millhauser et al. 1997) were used to calculate the average dihedral angles using the Karplus relationship ( 3 J HN␣ ‫ס‬ 6.4 cos 2 − 1.4 cos + 1.9, where ‫ס‬ | − 60| ; Karplus 1959) . A conservative estimate for the uncertainty of converting 3 J HN␣ to using this relationship is at least 0.7 Hz (Karplus 1959; Wüthrich 1986 ). The experimental uncertainty in the magnitude of 3 J HN␣ constants for the MW peptide is also in the range of 0.5 Hz (Millhauser et al. 1996) , and the fluctuations in calculated 3 J HN␣ constants are of the same order of magnitude. The 1-to 25-nsec ensemble-averaged () dihedral angles are presented with their fluctuations in Figure 2 , along with the experimental values for comparison. The () angles of the peptide in the 10 Å trajectory fluctuated much less compared with the 8 Å trajectory, as would be expected for a predominantly helical ensemble. The angles explored in both simulations were in the range of the experimentally derived values with the exception of Ala 6 (Fig. 2) . Averaging over this same time period, the r −6 weighted distances calculated for the 57 experimental NOEs were in good agreement (Յ5 Å) with experiment for both the 8 Å and 10 Å trajectories with only a few minor violations, all of which are within the cutoff if the standard deviation in the distance is considered (Fig. 3) . Because the NMR spectra were acquired at 274 K, the level of agreement between simulation and experiment is acceptable given that the peptide is known by CD to sample more nonhelical conformations at this temperature.
Calculation of Zimm-Bragg helix-coil parameters
In Zimm-Bragg helix-coil theory (Zimm and Bragg 1959) , the propagation parameter s is the equilibrium constant between an existing helical segment and the addition of a new i → i + 4 hydrogen bond. During an MD simulation, we can estimate this equilibrium constant by considering waiting times, , for the hcc → hhc and hhc → hhh (propagation) and the hhc → hcc and hhh → hhc transitions as an average over time (Daggett et al. 1991; Daggett and Levitt 1992) , where h indicates that a residue is in the helical region of () space and c means that it is not. The waiting times reflect the populations of the different conformations, and the ratio of the average waiting times is used to calculate the equilibrium constant between the two populations. The average waiting times to add a helical residue (e.g., hhc → hhh) were faster using the 10 than the 8 Å cutoff (0.4 versus 3.4 psec), whereas the hhh → hhc values were similar (6.6 versus 7.1 psec). These differences are due to the heightened stability of the helix using the longer cutoff (more details provided following). The peptide rarely left the helical basin of () space, so that excursions to "coil" were very minor.
Our average values of s MD for K hcc → hhc and K hhc → hhh for the alanine residues were 1.5 and 2.0, respectively, using the 8 Å cutoff and 5.4 and 15.9 using 10 Å. Typical experimental values for s in alanine-based peptides like the one investigated here are in the range of 1.5 to 2.0 (Marqusee et al. 1989; Lyu et al. 1990; Rohl et al. 1992) , although the lysine residues used to solubilize these peptides appear to contribute to the higher value compared with a value of ∼1 obtained using other background host peptides (Scheraga et al. 2002 ). The calculated s MD values for the 8 Å trajectory are within the experimentally determined range of values, whereas they are too large for the 10 Å trajectory. With our values of s MD and the average helical contents (), we can estimate the macroscopic nucleation parameter, , from equation 3b of Zimm and Bragg (1959) :
Using the hydrogen bond definition of ␣-helical content, the calculated macroscopic was 1.8 × 10 −4 and 5.8 × 10
−13 using the 8 Å and 10 Å cutoffs, respectively. For the 8 Å trajectory, the values for are within the range typical- ; Marqusee et al. 1989; Lyu et al. 1990; Rohl et al. 1992; Scheraga et al. 2002) .
Structural transitions and peptide hydrogen bonding
The local region of conformational space occupied by each residue is shown for ␣-helical (cyan) and ␤-structure (red) as a function of time in Figure 4 . There were many conformational transitions throughout the 8 Å cutoff simulation and fewer using the 10 Å cutoff. The most significant loss of ␣-helical structure occurred from 9.8 to 16.5 nsec and again after 21 nsec using an 8 Å cutoff. These transitions involved numerous residues in the center of the sequence. In addition, large deviations from the helical state occurred near the N terminus: Ala 1, Ala 3, and Ala 4 sampled extended and ␤-regions of conformational space, which led to the formation of transient ␤-turns throughout the trajectory (Table 1) .
The total number of 3 10 -, ␣-, and -hydrogen bonds over time are shown in Figure 4 . For both simulations, the structures from 0 to 10 nsec were primarily ␣-helical, and the greatest population of -helical conformers was from 10 to 20 nsec. Both simulations exhibited major transitions from ␣ → and → ␣, indicating that this transition is reversible on the 25-nsec timescale. The structures from 10 to 20 nsec contained a mixture of 3 10 -, ␣-, and -hydrogen bonds, as well as turns (Fig. 4) . Figure 5 displays the percentage of total simulation time that hydrogen bonds were satisfied (O . . . H distance Յ2.6 Å) for every possible 3 10 , ␣-, and -hydrogen bond in the sequence in both simulations. For the 8 Å cutoff, 3 10 -hydrogen bonding had the lowest population with 1.6 ± 1.5 hydrogen bonds, or 16% of the hydrogen bonds made by the peptide. This was followed by -hydrogen bonding (3.2 ± 1.5, or 30% of the hydrogen bonds) and ␣-helical hydrogen bonding (5.4 ± 1.9 or 41%). For the 10 Å cutoff, 3 10 -hydrogen bonding had the lowest population with 1.3 ± 1.5 hydrogen bonds, or 16% of the total hydrogen bonds made. This was followed by -(5.5 ± 1.5, or 40% of the hydrogen bonds) and ␣-helical hydrogen bonding (7.4 ± 1.9 or 53%). Thus, both the 8 Å and 10 Å simulations had a lower population of 3 10 -than -helix.
Most of the occurrences of 3 10 -helix were isolated, with only one i → i + 3 hydrogen bond in the peptide. The largest number of 3 10 -hydrogen bonds at any given time was 8, and this was observed in <0.01% of the structures. The vast majority of the i → i + 3 hydrogen bonds were bifurcated with adjacent (i → i + 4) ␣-helical hydrogen bonds. The formation of isolated and sequential 3 10 /␣-bifurcated hydrogen bonds occurred throughout the sequence. All of the contiguous 3 10 -hydrogen bonded structures contained bifurcated hydrogen bonds.
The peptide bonds not only formed intramolecular hydrogen bonds, but they also interacted with solvent ( Fig. 6 ), particularly when they were not involved in bifurcated hydrogen bonds. In general, the main chain carbonyl groups of the large and bulky residues interacted less with solvent than did the alanines. In the final snapshot from the 10 Å simulation, various forms of side chain shielding of the main chain are illustrated (Fig. 6B ). In the case of Lys 5, its side chain projects into solution, whereas the much smaller Ala 8 and 9 appear to keep water at bay. Solvation of the Trp 7 side chain diverts waters from its main chain. The side chain of Arg 15 does not shield its own carbonyl, but by laying down on the helix, it helps to shield residues upstream.
Mechanism of the ␣ → transition
For both the 8 Å and 10 Å cutoff simulations, the total number of main chain hydrogen bonds was roughly constant throughout the ␣ → transition, although the number of hydrophobic contacts (nonpolar carbon distances Յ5.4 Å) increased by ∼5-10. This finding indicates that interactions between hydrophobic side chains contribute to the formation of the -helix. The side chains that became more buried on -helix formation were similar in the two simulations: Met3, Trp 7, Ala 8, Lys 10, Ala 1l, Ala 13, Arg 15, and Ala 16.
For the 8 Å cutoff simulation, the most dramatic transition between ␣-and -helix occurred from 9.2 to 9.7 nsec (Fig. 7) . The structure at 9.235 nsec had two (i → i + 5) hydrogen bonds and a turn comprising residues 3-6. From 9.235 to 9.24 nsec, two ␣-helical hydrogen bonds (Ala 6/Lys 10 and Trp 7/Ala 11) broke and reformed as -hydrogen bonds (Ala 6/Ala 11 and Trp 7/Ala 12). From 9.24 to 9.74 nsec, the structures remained fairly stable with four -hydrogen bonds and transient bifurcated i → i + 6 hydrogen bonds. Then, two ␣-helical hydrogen bonds (Lys 10/Ala 14 and Ala 11/Arg 15) broke and reformed as -hydrogen bonds (Lys 10/Arg 15 and Ala 11/Ala 16). The bifurcation of both 3 10 -and -hydrogen bonds with ␣-helical hydrogen bonds was important for the formation and stability of the mixed ␣/ ensemble.
For the 10 Å cutoff simulation, the most dramatic transition between ␣-and -helix occurred from 8.9 to 9.1 nsec (Fig. 7) . The 8 Å cutoff simulation initially formed -helix at the N terminus and propagated toward the C terminus, whereas the opposite was true for the 10 Å cutoff. In both simulations, when there were contiguous -helix hydrogen bonds, the average -helix () angles (−76°, −52°) of the intervening residues were in agreement with the average angles found in the Protein Data Bank (−76°, −41°; Weaver 2000; Fodje and Al-Karadaghi 2002) . We note that these are different from the old theoretical -helix () angles (−57°, −70°; Low and Grenville-Wells 1953; Ramachandran and Sasisekharan 1968). In addition to -helical conformations, there were also a number of Schellman-like conformations (Schellman 1980; Gunasekaran et al. 1998 ) over the Cterminal residues 11-16. These structures formed hydrogen bonds between residues 11 and 16 and 12 to 15, and residue 16 was in the ␣ L -conformation. These Schellman-like conformations were transient.
Importance of main chain-side chain hydrogen bonding
In the 8 Å cutoff simulation, a hydrogen bond between the N-terminal cap, Ace, and Lys 5 was the dominant main chain-side chain (mc-sc) hydrogen bond. This hydrogen bond was intact before (9.053-9.057 nsec), during (9.265-9.267, 9.376-9.393, 9.478-9.634 nsec), and after (9.801-9.829, 9.846-9.856 nsec) the ␣ → transition (9.235-9.760 nsec) shown in Figure 7 . This interaction played a significant role in stabilizing the formation of -helical structure, as well as assisting in the formation of the first two -hydrogen bonds by restricting the conformational space available to the chain. After these -hydrogen bonds formed, the Ace/Lys 5 interaction facilitated the dihedral transition of Ala 1 out of the ␤-region, resulting in the formation of the next two -hydrogen bonds (Fig. 7) .
In a similar manner, a hydrogen bond between Ace and Trp 7 stabilized a structural transition from mixed ␣/-helix into ␣-helix and turn structures around 18.5 nsec in the 8 Å cutoff simulation. This hydrogen bond stabilized the structures both before (17.979-17.98 nsec) and after (18.562-18.582 nsec) the transition. In addition, this interaction stabilized the turns over residues 4-7 and residues 5-8. Similar . . H-N angle within 45°of linearity) significantly lowered the calculated population of i → i + 3 hydrogen bonds observed per structure. When the angular constraint was applied, for the 8 Å cutoff simulation the average number of i → i + 3 hydrogen bonds decreased from 1.6 (using the distance criterion alone) to <0.1 hydrogen bonds per structure. For the 10 Å cutoff simulation, the average number of i → i + 3 hydrogen bonds decreased from 1.3 (using the distance criterion alone) to <0.1 hydrogen bonds per structure. This large difference is because the distribution of 3 10 -hydrogen bond angles (O . . . HN) was broader, with the average bond angle falling in the range of 50°-60°from linearity. Because the average 3 10 -hydrogen bond angle was larger than the 45°angular cutoff criteria, applying the angular cutoff for 3 10 -hydrogen bonding discards an unacceptable number of energetically important 3 10 -hydrogen bonds. Both the -and ␣-hydrogen bond angles were much more linear on average. interactions and transitions were observed using the 10 Å cutoff (Fig. 7) .
The effect of changing the nonbonded cutoff on energetics
Up to this point we have focused on the peptide's structural properties. Although these two simulations are in reasonable agreement with the CD and NMR data, the 10 Å cutoff simulation is in poor agreement with the calculated ZimmBragg helix-coil parameters, and it shows slower helix-coil transitions than the 8 Å cutoff. We have investigated the effects of changing the cutoff on the energetics, particularly because a priori one would expect the longer cutoff range of 10 Å to be in better agreement with experiment.
For the entire system, the average protein-protein, protein-water, and water-water energies were compared for the first nanosecond of the 8 Å and 10 Å cutoff simulations (Table 2) , because during this time period the two trajectories were the most similar with respect to peptide conformation. The greatest relative changes in energy going from an 8 Å to a 10 Å cutoff were the protein-protein and the protein-water van der Waals interactions (Table 2) , which both contribute to slower transitions in the 10 Å cutoff simulation. The reason for this is that the repulsive van der Waals term is scaled as a function of cutoff distance to compensate for the attractive interactions lost on truncation (Levitt et al. 1997) . Values of 0.84 and 0.92 are used for 8 Å and 10 Å, respectively. In this way, sterically hindered transitions between conformational states are discouraged less with the 8 Å cutoff.
A unique feature of our force-shifted potential is that hydrogen bond energies are invariant of cutoff within the cutoff range (Levitt et al. 1995) . The potential energy pairwise sum of all atoms involved in protein-protein and protein-water hydrogen bonds change <5% between an 8 Å and a 10 Å cutoff. This was also true for the water-water hydrogen bond energies. The pairwise sum of nonpolar peptide-water contacts showed significantly larger shifts (∼20%-30%) in interaction energy between an 8 Å and a 10 Å cutoff. Spatial decomposition of these pairwise sums showed, in general, that, although the additional 2 Å spherical shell adds many interactions to the sum, they comprise a small percentage of the total pairwise sum compared with the shifted short (0-4 Å) and medium-range (4-6 Å) interactions. The shifts in the short-range repulsive van der Waals interactions were the most significant contributions to the slower transitions in the 10 Å cutoff simulation.
Discussion
Recent temperature-jump experiments have shown that the kinetics of helix formation tend to be single exponential or multiphasic with a fast phase of ‫ס‬ 10-20 nsec, which is thought to represent helix propagation and fraying, and a slower phase ( ‫ס‬ 130-300 nsec), which appears to represent helix nucleation (Williams et al. 1996; Gilmanshin et al. 1997; Thompson et al. 1997; Huang et al. 2001a Huang et al. ,b, 2002 Werner et al. 2002) . The bulk of the experimental studies show an increase in the relaxation rate with temperature indicative of an activation barrier for folding and unfolding. However, some recent simulation studies (Hummer et al. 2000 (Hummer et al. , 2001 have indicated that helix formation kinetics can be modeled as a diffusive conformational search within the coil state with no barrier for the transition to the helical state. Such a process predicts a departure from single-exponential to nonexponential or stretched-exponential relaxation kinetics in temperature-jump experiments, which is rare but has been reported in some experimental studies (Sabelko et al 1999; Leeson et al. 2000; Huang et al. 2002) . However, Ferguson and Fersht (2003) recently pointed out that these stretched-exponential kinetics occur on a timescale that poses problems for the instrumentation. If this is the case, such results could be artifacts, and they note that nonexponential kinetics have disappeared when they have removed all artifacts. They also point out that the kinetic data can be fit within experimental error to a series of sequential or parallel exponentials. Alternatively, rather than barrierless folding, such kinetics, if free from artifact, could be due to heterogeneity of the nonhelical/coil state. In this regard, our results for both simulations indicate that -helical intermediates may contribute to the roughness of the free energy landscape of helical peptides. Nevertheless, even though our molecular dynamics simulations are fairly long compared with other simulation studies, the 25-nsec simulation period is an insufficient amount of time for crossover from the coil to the helical state. Consequently, we focus on structural properties of the helix → coil process.
Although our 8 Å and 10 Å cutoff simulations were similar overall with respect to their ability to model the NMR results, the peptide sampled many fewer nonhelical conformations using the longer cutoff. This leads to disparities between the s and parameters associated with helix-coil theory. The values determined from the 8 Å simulation, however, are in good agreement with experiment. Using the 10 Å cutoff, the peptide appears to be artificially stabilized in the helical state at this timescale. It is possible, however, that this is nothing more than a sampling problem and that the simulations would converge with increasing simulation time, and, in fact, the two simulations are similar if other properties are considered (such as hydrogen bonds). We note that the proper timescale and amplitude of motion was obtained in simulations of barstar using the 10 Å cutoff as assessed by comparison with the results of NMR relaxation experiments (Wong and Daggett 1998 ). The differences observed here are mainly due to shifts in short-range interactions, rather than the effects of long-range electrostatic interactions. For the purposes of seeing interesting conformational behavior on a reasonable timescale by MD, the 8 Å cutoff simulations are preferred for this system. However, the longer time required for equilibration and the effect on the barrier to conformational transitions for our methods using a 10 Å cutoff may in fact be correct. Future studies will involve the calibration of our van der Waals' screening term to reproduce timescales being determined by fast IR measurements on labeled peptides (W. DeGrado and F. Gai, pers. comm.). In addition, we note that unfolding times from MD simulations of the engrailed homeodomain are in good agreement with temperature-jump experiments (Mayor et al. 2003) .
Nonetheless, it is important to remember that force fields are empirically derived, contain many interrelated terms, and are parameterized with specific characteristics in mind.
In this way, increasing a cutoff does not always result in the naïve, expected effect. Furthermore, we show that shorter cutoffs can not only be adequate, but can be better than a longer cutoff. The relative interplay of force-field terms and the many ways in which nonbonded interactions can be truncated make generalizations like those popularized by Schreiber and Steinhauser (1992a,b) , who assert that simulations using short cutoffs are unstable and ultimately wrong, unsound. Although this may have been true for their force field and methods, we have repeated their work and do not obtain the same results with our force field and protocols (D.A.C. Beck, in prep.).
Turns versus contiguous 3 10 -helix: Interpretation of ␣N(i,i + 2) connectivities
A low population of i → i + 3 hydrogen bonds (<20%) was observed throughout the 8 Å cutoff simulation. No one of the structures contained two contiguous unbifurcated i → i + 3 hydrogen bonds. Instead, the i → i + 3 hydrogen bonds were bifurcated or merely turns. In the latter part of the simulation (after 10 nsec), prolonged turn formation was only observed for residues 1-4, 2-5, and 5-8. Simultaneous turn formation separated by several residues was more common than contiguous turns (note that a 3 10 -helix is structurally equivalent to two consecutive type I ␤-turns). These bifurcated 3 10 /␣-helical hydrogen bonding patterns and the formation of turns is in good agreement with other simulations of helical peptides (Soman et al. 1991; Daggett and Levitt 1992; Topol et al. 2001 ).
The experimental ␣N(i,i + 2) NOE connectivities are on the N-terminal side of the MW peptide, as those beyond residue 7 are obscured by much stronger ␣N(i,i + 3) crosspeaks (Millhauser et al. 1997 ). In our 8 Å cutoff simulation, we observed significant turn formation only on the N-terminal side of the peptide from residues 1-9, in agreement with the ␣N(i,i + 2) NOEs. The most C-terminal ␣N(i,i + 2) NOE is ␣N(7,9), and it was never violated during the simulation (average value of 4.3 Å); in fact, it had its lowest instantaneous values from 10 to 16 nsec in the ␣/ mixed ensemble.
Although there were fewer 3 10 -hydrogen bonds compared with -and ␣-hydrogen bonds on average in a structure (16%, 30%, and 54%, respectively), bifurcated 3 10 -helical hydrogen bonds were fairly evenly distributed throughout the sequence. Based on the interpretation of NOE volume integrals I␣␤(i,i + 3)/I␣N(i,i + 3), Millhauser and coworkers suggest that small amounts of 3 10 -helix form along the sequence and that they are populated to a greater extent at the N and C termini (Millhauser et al. 1997) .
Role of main chain-side chain hydrogen bonding in structural transitions
Both mc-sc and i → i + 3 hydrogen bonding formed transiently during structural transitions. However, the major transitions in the simulation were mediated through mc-sc hydrogen bonding, which can explain how local side chain interactions dominate local conformational preferences. Main chain-side chain hydrogen bonding, such as helical N-capping interactions, can restrict conformational space between the residues in contact, and these restrictions have been proposed to assist in the nucleation of more stable structure (Presta and Rose 1988; Karpen et al. 1992) . In a recent example, mc-sc hydrogen bonding between a threonine and a carbonyl group four residues before it in the sequence leads to a shift from ␣-helical structure to mixed 3 10 /␣/-helical conformations, as assessed by MD simulations and NMR and IR experiments on a designed helical bundle protein (Walsh et al. 2003) .
The experimental 3 J HN␣ coupling constants for the MW peptide reflect systematically higher values (>6 Hz) for the longer i → i + 5 spaced side chains. Millhauser and coworkers (1997) suggest that this is because local folding/unfolding originates at the positions of the longer side chains, which is consistent with transitions observed via MD (for example, see Fig. 7 ). Both side chain mediated unfolding and the existence of -helical intermediates can contribute to this i → i + 5 experimental trend in 3 J HN␣ . The MW peptide is a variant of canonical alanine-based peptides (AAAAK) n , and Shirley and Brooks (1997) have also observed formation of -helical structure in (AAKAA) 3 and (AAQAA) 3 peptides. Related repeating sequences (AAQA), (AAQAAA), and (AAQ) were also studied, and they concluded that i → i + 5 interactions between side chains promoted -helical structure formation. Similar ␣ → transitions were observed in a more complicated Ala-based peptide by Lee and coworkers (2000) . In this case, -helix seems to have been triggered by repulsive interactions between i → i + 3 spaced Glu residues, which after conversion show a 3 Å increase in the distance between their carboxylates. Both of these other MD studies were performed using CHARMM with a force-shifted potential, and a 10 Å to 12 Å cutoff range (Brooks et al. 1983 ). Despite differences in the integration method used, the cutoffs, the water models, and the sequences, both the CHARMM and ENCAD potential functions support the formation of -helical structure, and the -helical structure was stabilized significantly by side chain interactions. Garcia and Sanbonmatsu (2002) have suggested that mcsc hydrogen bonds contribute to the stabilization of ␣-helical structure. Our simulations showed similar results for interactions between Lys or Trp and the main chain of the C-terminal capping group, but, in general, rather than stabilizing ␣-helical conformations, our results indicate that these interactions facilitate structural transitions to and from nonhelical and -helical states. The main chain carbonyl groups of Met, Trp, and Lys showed less hydrogen bonding with water compared with the Ala residues across the sequence. Furthermore, there was a tendency for Ala to be less hydrated when following a Lys residue (Fig. 6 ). This result is consistent with simulation studies of Scheraga and coworkers (2002) , who find that solvation of Lys side chains decreases the solvation of the neighboring main chain groups. Side chain shielding of the main chain from hydrogen bonding with, and attack by, solvent may contribute more to ␣-helix stability than side chain-to-main chain hydrogen bonding, but water was still effective at reaching and interacting with carbonyl groups near lysine residues in our simulations and such interactions do not appear to be helix destabilizing per se in our simulations.
Comparison of 3 10 -hydrogen bonding in simulations of peptides and proteins
Although we observed 3 10 -hydrogen bonding in the simulations, these hydrogen bonds had lower populations than ␣-and -hydrogen bonds and they did not play a dominant role in unfolding/refolding events. Therefore, the question remains as to why there are so many 3 10 -helices in experimentally determined protein structure. It is possible that our simulations are underestimating the 3 10 -helical content, or that force fields in general may be energetically biased against i → i + 3 hydrogen bonding arrangements. To test this idea, G. Millhauser (pers. comm.) suggested that we perform a simulation of the leucine-rich repeat variant, which is a protein with a high percentage of 3 10 -helix (Peters et al. 1996) . Only the repeat domain (residues 41-231) was used, which is composed of a 24-residue tandem repeat pattern of ␣-helix, turn, and 3 10 -helix. In a 3-nsec simulation of this domain at 298 K, using the same 8 Å nonbonded cutoff, the protein retained the majority of its 3 10 -helical hydrogen bonds. Thus, the low population of 3 10 -helix in our simulations of the MW peptide does not appear to be an artifact (data not shown). Many of these 3 10 -helical hydrogen bonds were stabilized by side chain-to-main chain hydrogen bonds that have been described as supporting 3 10 -helical structure (Karpen et al. 1992) . Recent quantum mechanical studies indicate that 3 10 -helical structure is more stable in vacuo than in water (Topol et al. 2001) , indicating that there may be a shift from 3 10 to ␣-helical structure in solution.
Conclusions
We conclude that both the 8 Å and 10 Å cutoff simulations are in reasonable agreement with the helix content of the MW peptide as assessed experimentally by CD, the 3 J HN␣ coupling constants, and the NOEs. Both the 8 Å and 10 Å cutoff simulations underwent structural transitions between ␣-helix, 3 10 -helix, and -helix, and both simulations exhibited a large population of -helix. However, the 8 Å cutoff is in better agreement with calculated Zimm-Bragg parameters and the CD data, and unfolds to more nonhelical con-formers. Consequently, our results for the MW peptide show that short cutoffs can be not only reasonable, but can also be in better agreement with experiment than longer cutoffs. Our results indicate that both N-terminal 3 10 -helical structure and turns contribute to the observed ␣N(i,i + 2) NOEs. Furthermore, the simulations indicate that contiguous 3 10 -helix is not populated appreciably without bifurcation involving simultaneous i → i + 4 interactions. 3 10 -Hydrogen bonds were involved in helix-coil transitions, as suggested by Millhauser and coworkers (1997) , but the -hydrogen bonds were more important in this regard. The major structural transitions in the simulations were nucleated by transient mc-sc hydrogen bonding and hydrophobic interactions between side chains. This type of side chainassisted helix formation and destruction may explain the apparent sequence dependence of -helix formation in peptides with i → i + 5 spaced side chains, as well as the specific side chain interactions that stabilize 3 10 -helical structure in proteins.
Materials and methods
All energy minimization and molecular dynamics was performed using an in-house version of the program ENCAD (Levitt 1990 ). An all-atom representation was used for both the peptide and the water, using a previously described macromolecular potential function with a force-shifted atom-based truncation method (Levitt et al. 1995) , and the flexible F3C water model (Levitt et al. 1997) .
The 16-residue MW peptide was generated to have ideal helical and angles (−57°, −47°, respectively), the N terminus was acetylated, and the C terminus was amidated. The peptide was minimized 500 steps in vacuo. Two different simulations were performed of the MW peptide using 8 Å and 10 Å cutoffs, each for 25 nsec of simulation time. For the 8 Å cutoff simulation, the peptide was then solvated by adding waters extending at least 8 Å, resulting in the addition of 1142 water molecules. For the 10 Å cutoff simulation, the peptide was solvated by adding waters extending at least 10 Å, resulting in the addition of 1670 water molecules. Structures were saved every 0.2 psec for analysis, resulting in 125,000 structures for each 25-nsec simulation.
The box volume was adjusted to give the experimental density of 0.997 g/mL for 298 K (Kell 1967) . The solvent was prepared for molecular dynamics by performing 2000 cycles of minimization, followed by 2000 cycles of molecular dynamics, and another 2000 steps of minimization. The peptide was then minimized for 500 steps, followed by the minimization of the entire system for 500 steps. The system was then brought to the target temperature of 298 K. MD simulations were performed using the microcanonical ensemble (NVE) and periodic boundary conditions. The equations of motion were integrated using a modified Beeman algorithm and a 2-fsec time step (Levitt et al. 1995) . The nonbonded lists were updated every 2 steps (4 fsec), and structures were saved every 0.2 psec for analysis.
